The microbial biosynthesis of fatty acid of lipid metabolism, which can be used as precursors for the production of fuels of chemicals from renewable carbon sources, has attracted significant attention in recent years. The regulation of fatty acid biosynthesis pathways has been mainly studied in a model prokaryote, Escherichia coli. During the recent period, global regulation of fatty acid metabolic pathways has been demonstrated in another model prokaryote, Bacillus subtilis, as well as in Streptococcus pneumonia. The goal of this study was to increase the production of long-chain fatty acids by developing recombinant E. coli strains that were improved by an elongation cycle of fatty acid synthesis (FAS). The fabB, fabG, fabZ, and fabI genes, all homologous of E. coli, were induced to improve the enzymatic activities for the purpose of overexpressing components of the elongation cycle in the FAS pathway through metabolic engineering. The β-oxoacyl-ACP synthase enzyme catalyzed the addition of acyl-ACP to malonyl-ACP to generate β-oxoacyl-ACP. The enzyme encoded by the fabG gene converted β-oxoacyl-ACP to β-hydroxyacyl-ACP, the fabZ catalyzed the dehydration of β-3-hydroxyacyl-ACP to trans-2-acyl-ACP, and the fabI gene converted trans-2-acyl-ACP to acyl-ACP for long-chain fatty acids. In vivo productivity of total lipids and fatty acids was analyzed to confirm the changes and effects of the inserted genes in E. coli. As a result, lipid was increased 2.16-fold higher and hexadecanoic acid was produced 2.77-fold higher in E. coli JES1030, one of the developed recombinants through this study, than those from the wild-type E. coli.
De novo fatty acid synthesis, which is mainly utilized in membrane biosynthesis, represents a crucial pathway in all living organisms [6] . Fatty acid biosynthesis is catalyzed in most bacteria by the type II dissociated fatty acid synthase (FAS) system in which the fatty acyl intermediates are carried from enzyme to enzyme by the acyl-carrier protein (ACP) [6, 23, 28, 34] . ACP is a carrier protein that is involved in the attachment and presentation of all acylchain intermediates to the enzymes of FA biosynthesis [8] .
Bacteria contain a type II synthase (FAS II) for which each reaction is catalyzed by a discrete protein and reaction intermediates are carried in the cytosol as thioesters of the small acyl-carrier protein [4] . The chain elongation step in fatty acid biosynthesis consists of the condensation of acyl groups, which are derived from acyl-CoA or acyl-ACP, with malonyl-ACP by the 3-ketoacyl-ACP synthases. These enzymes are divided into two groups.
The first class of 3-ketoacyl-ACP synthase III (FabH) is responsible for the initiation of fatty acid elongation and utilizes acyl-CoA primers. The second class of enzymes (FabF and FabB) is responsible for the subsequent rounds of fatty acid. Each cycle of reduction, dehydration, and reduction of carbon-carbon bonds to produce acyl-ACP is catalyzed by three enzymes [NADPH-dependent 3-ketoacyl-ACP reductase (FabG), 3-hydroxyacyl-ACP dehydratase (FabZ), and NAD(P)H-dependent enoyl-ACP reductase (FabI)] respectively. Additional cycles are initiated by FabF and FabB. This cycle of fatty acid biosynthesis is regulated by feedback inhibition of AccABCD [34, 35] and FabH and FabI [9] [10] [11] with the end products of acylACPs.
According to previous studies, both KAS I (encoded by fabB) and KAS II (encoded by fabF) elongate the saturated intermediates of the FAS pathway [8, 30, 31, 32] . For fatty acid biosynthesis, the regulation and roles involved for the fabI and fabZ genes have been reported [12, 24] . The functions of these enzymes and other proteins encoded by related genes have been studied in the FAS system of bacteria [16, 17, 19, 21, 26] . However, information on only an individual gene or enzyme and its mechanism was represented in previous studies. Therefore, to produce fatty acids, the co-expression of all the genes that are involved in the elongation cycle (i.e., fabB, fabG, fabZ, and fabI) was attempted. In addition, genes of the initial step in FAS were induced for advancing flux.
The first reaction in the fatty acid synthesis elongation cycle involving malonyl-ACP is catalyzed by either β-oxoacyl synthases I or II (fabB or fabF) [9, 20] . Subsequently, β-oxoacyl-ACP is NADPH-dependently reduced to β-hydroxyacyl-ACP, which is catalyzed by β-oxoacyl reductase (fabG) (Fig. 1) [15, 24, 35] . The hydroxy group is eliminated by one of two β-hydroxyacyl dehydratases (fabZ), which converts the chain into a trans-2-enoyl group [9, 25] . The double bond is then reduced in an NADH-dependent reaction by an enoyl reductase (fabI) [12] [13] [14] . This process produces an acyl-ACP bond by a saturated acyl chain extended by two carbon units that are additional to the initial cycle. The elongation cycle is repeated until the acyl chain reaches 16-18 carbon groups in length.
A large number of lipid-accumulating microorganisms have been studied as substrate for biodiesel production. However, an ideal host is still not available when considering the following factors: oil contents, growth rates, and fatty acid compositions. E. coli is a model organism in microbiology studies. It has been used as the producer of many valuable platform chemicals. Several environment-friendly energy substitutes for fossil fuels such as ethanol [36] and butanol [2] have also been successfully obtained by this bacterium. The Gram-negative E. coli is an enteric γ-proteobacterium that mostly possesses straight-chain fatty acids. E. coli has many advantages over other oleaginous microorganisms. Firstly, the heredity background of this bacterium is clearly known, and it is the most popular host cell for genetic manipulation. Moreover, Escherichia coli possesses valuable traits, such as a rapid growth rate and an ability to systematically regulate lipid synthesis. Moreover, the genes related to fatty acid biosynthesis and its metabolism have been studied in E. coli for the purpose of efficiently producing fatty acid from glucose [7, 22, 31, 38] .
In this study, the ability to increase the fatty acid productivity and lipid contents by the expression of the genes related to fatty acid biosynthesis in the elongation cycle was studied in the bacterium E. coli. To increase the fatty acid productivity and lipid contents, E. coli recombinants were developed by single overexpression and co-overexpression essential genes involved in the elongation step of fatty acid metabolism. Fatty acid such as hexadecanoic acid and octadecanoic acid and lipid contents were analyzed to observe the increase of fatty acid productivity and lipid contents by overexpressing related essential genes.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Growth Conditions The bacterial strains, plasmids and primers that were used in this study are listed in Table 1 . Escherichia coli K12 MG1655 (Flambda-ilvG-rfb-50 rph-1; ATCC) was used as a host for the production of fatty acids. E. coli DH5α [F -(80d lacZ M15) (lacZYArgF) U1691 hsdR17(m+)recA1 endA1 relA1 deoR; Donginbiotech Co., Korea] was used as a competent cell to construct the plasmids. The pSTV28 vector, which has a lac promoter, was chosen for gene expression in this study [37] . Recombinant E. coli was transformed with various plasmids and was grown in a shaker at 37 o C and at 170 rpm. LB broth (10 g/l tryptone, 10 g/l NaCl, 5 g/l yeast extract) was used as culture medium, and a LB-cm agar plate containing 30 mg/ml chloramphenicol and a LB-amp agar plate containing 50 mg/ml ampicillin and 50 mg/ml X-gal were used for the selection of transformants. To induce the plasmid, 0.1 mM IPTG was added when the optical density at 600 nm reached 0.6. The dry cell weight pSTV28 containing E. coli fabI gene pSTV28 containing E. coli fabB and fabI genes pSTV28 containing E. coli fabB and fabG genes pSTV28 containing E. coli fabZ and fabI genes pSTV28 containing E. coli fabB, fabG, and fabZ genes pSTV28 containing E. coli fabB, fabZ, and fabI genes pSTV28 containing E. coli fabB, fabG, fabZ, and fabI genes pTrc99A containing E. coli accA, accBC and fabD genes, and S. pyogenes a EC3. 
a Underlined nucleotides represent restriction enzyme sites. (DCW) after starting cultivation was measured by drying the cell pellet at 60 o C for 24 h.
DNA Manipulation and Construction of Expression Vectors
E. coli chromosomal DNA was prepared using the DNeasy Tissue Kit (Qiagen, The Netherlands). The plasmid DNA was purified using a plasmid preparation kit (Dynebio, Korea). A gel extraction kit (TaKaRa, A550) was used to separate the large-scale plasmid DNA from the gel. PCR was carried out with an automatic thermal cycler (Takara, Japan). PCR products were obtained using E coli MG1655 chromosomal DNA as a template. The fabB, fabG, fabZ, and fabI genes were obtained from Escherichia coli K12 MG1655 genomic DNA. PCR products of the appropriate size were excised and purified from the agarose gel, and the genes of interest were then ligated into the pGEM vector (Promega) using overhanging T-A base pairs. These four samples (i.e., pGEM vectors containing insertions of the fabB, fabG, fabZ, and fabI genes) were transformed into E. coli DH5α competent cells. The transformed E. coli DH5α cells were spread onto LB-amp agar plates and cultivated at 37
Eight primers were used for PCR (Table 1) . Plasmids pJE124 and pJE126 were constructed by inserting a SacI/KpnI DNA fragment containing the fabB gene and a BamHI/SalI DNA fragment containing the fabZ gene, respectively, in plasmid pJE123 that has a fabI gene. Plasmid pJE125 was constructed by adding the fabG gene to pJE120. Plasmid pJE127 was produced from pJE125 with fabZ gene DNA fragments digested with BamHI/SalI from a T-vector. The final plasmid (pJE129) had the four DNA segments in the order of fabB, fabG, fabZ, and fabI. A schematic illustrating the construction of pJE129 is shown in Fig. 2 . The required bacterial manipulations were performed as described by Sambrook and Russell [27] .
Extraction and Identification of Total Lipid
Cells were inoculated into 500 ml Erlenmeyer flasks containing 200 ml of the LB-cm+ medium and were aerobically incubated at 37 o C in a shaker at 170 rpm. After 24 h, the total lipid content was extracted from 50 ml cultures that were harvested from flasks using the method described by Bligh and Dyer [3] . The extracted lipid was dried at 60 o C for 48 h and was quantified. Abbreviations for restriction enzymes are the following: S, SacI; K, KpnI; Sm, SmaI; B, BamHI; Sa, SalI; and Sp, SphI on vector (pGEM T Easy and pSTV28).
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Fatty Acid Extraction and Methylation The process to extract the fatty acids from the recombinant strains was divided into five steps. The first step, cell harvest, involved centrifugation (4,500 rpm for 10 min) of 5 ml of the culture medium. Next, saponification was performed; it involved the following steps: the addition of 1 ml of solution 1 (45 g NaOH, 150 ml MeOH, and 150 ml deionized distilled water [ddW] ) to the recombinant cells, followed by vortexing for 5-10 s; incubation at 100 o C for 5 min, followed by vortexing for 5-10 s; and cooling for 25 min. The third step, methylation, involved the addition of 2 ml of solution 2 (325 ml of 6N HCl and 275 ml of MeOH), followed by vortexing, incubation at 80 o C for 10 min, and immediate cooling. The extraction step involved the following: the addition of 1.25 ml of solution 3 (Hexane/Methyl tert-Butyl Ester = 1/1), the inversion of the samples for 10 min, and the removal of the bottom phase after the layers separated. For the final step, the samples were inverted for 5 min after the addition of 3 ml of solution 4 (10.8 g of NaOH and 900 ml of ddW). The supernatant of the top phase was extracted and analyzed by GC/MS. 
Analysis and Quantification of Fatty Acids

RESULTS
Construction and Growth of Various Recombinants with FAS Genes
The fabB, fabG, fabZ, and fabI genes of the elongation cycle in fatty acid biosynthesis encode the following four FAB enzymes: β-oxoacyl-[acyl-carrier protein] (ACP) synthase, β-oxoacyl-[acyl-carrier protein] reductase, β-hydroxyacyl-[acyl-carrier protein] dehydratase, and enoyl-[acyl-carrier protein] reductase. These enzymes serve as the key enzymes in the production of fatty acids via fatty acid elongation steps. Therefore, the overexpression of genes was attempted in the elongation cycle of fatty acid to compare the degree of the contribution of each gene in producing more fatty acids and to assess the individual effect related to growth rate. The recombinant E. coli containing plasmids, described in Table 1 , were completed and named the following: E. coli JES1020 (harboring pSTV28::fabB), E. coli JES1021 (pSTV28::fabG), E. coli JES1022 (pSTV28::fabZ), E. coli JES1023 (pSTV28::fabI), E. coli JES1024 (pSTV28::fab), E. coli JES1025 (pSTV28::fab), E. coli JES1026 (pSTV28::fab), E. coli JES1027 (pSTV28::fab), E. coli JES1028 (pSTV28::fab), E. coli JES1029 (pSTV28::fab), and E. coli JES1030 (pSTV28::fab, pTrc99A::). To confirm the existence of the inserted gene of the plasmid (pJE129) in the recombinant E. coli, PCR was performed. At the 24 h point, the plasmid in the cell was extracted from the culture medium. Eleven recombinant strains containing one or more genes (i.e., fabB, fabG, fabZ, and fabI) were obtained through the aforementioned methods. Different combinations of the four genes were determined to compare the effects of each gene as below. To confirm the impact of the fabB gene, which is known as an FASactivated gene, on fatty acid production, E. coli JES1020, E. coli JES1025, E. coli JES1027, and E. coli JES1029 were designed. E. coli JES1023, E. coli JES1024, and E. coli JES1029, however, were constructed to determine the impact of the fabI gene, which is an FAS inhibitor. Additionally, E. coli JES1021 and E. coli JES1025 were constructed to observe the fabG gene, whereas E. coli JES1022, E. coli JES1027, and E. coli JES1028 were constructed to verify the fabZ gene. Finally, E. coli JES1030 was formed for the co-expression system so that two plasmids (i.e., pJE127 and pJE109) could be duplicated in the cell; the E.C. 3.1.2.14 gene, which encoded the acylacyl carrier protein, thioesterase, of the final step in the elongation cycle, and the other genes (i.e., accA, accB, accC, and fabD), which were part of the initial FAS pathway in pJE109 [17] .
The growth rate of the transformed E. coli by gene manipulation was compared with that of the wild-type E. coli. No significant hindering effect was found in the bacteria growth when compared with wild-type E. coli, although recombinant E. coli had plasmids of one or many combinations of the homologous fab genes (fabB, fabG, Fig. 3 . Growth curves of the recombinant strains and wild-type E. coli.
The E. coli strains were aerobically incubated in Erlenmeyer flasks at 37 o C in a shaker at 170 rpm. The plasmid was induced by the addition of 0.1 mM IPTG when the optical density (600 nm) reached 0.6. fabZ, and fabI) (Fig. 3) . As shown in Fig. 3 , the growth of recombinants containing homologous genes was within the standard deviation range of the wild-type E. coli. E. coli JES1030, which was transformed by a plasmid containing the E.C. 3.1.2.14 gene from Streptococcus pyogenes MGAS10270, was considered not to be effective on the intermediates, whereas its growth rate was lower than that of wild-type E. coli.
Quantification and Effect of Genes on Total Lipid
Confirming the total lipid in microorganisms was one of the most important factors in the process of determining the production yield of fatty acids from glucose as a substrate for the formation of membranes and growth of microorganisms. As discussed above, FAS corresponds with the sub-network of lipid metabolism. Therefore, changes in the production of unsaturated or saturated fatty acids may alter the total lipid amount on content in vivo. For verification, the total lipid in the cell was extracted and analyzed with samples obtained from the 50 ml medium after 24 h from the beginning of the cultivation of recombinants. In Table 2 , the amount of lipid in the recombinants, excluding E. coli JES1023 with fabI, was higher than that of wild-type E. coli, which was approximately 20% of the cell. This flux improvement in lipid metabolism was a result of the enzymes used in production of the four precursors (i.e., β-oxoacyl-ACP, β-hydroxyacyl-ACP, trans-2-acyl-ACP, acyl-ACP) that were overexpressed by target genes. Considering the growth curve shown in Fig. 3 , E. coli JES1020, E. coli JES 1025, and E. coli JES1027 showed a significant difference as compared with the wild-type E. coli when the amount of lipid was calculated based on cell mass. This result demonstrates that recombinant E. coli contained a notably large amount of lipid in the cell. Despite our expectations, the growth rate between E. coli JES1027 and E. coli JES1029 containing all homologous genes in the elongation cycle of FAS showed no difference, whereas the lipid production of E. coli JES1027 had a higher yield than E. coli JES1029.
In our previous studies, the lipid content of recombinant E. coli containing the ACC family fabD and E.C. 3.1.2.14 genes was higher than that of the wild-type E. coli [17] . Therefore, the lipid content of E. coli JES1030 was designed to be expressed at the same time as pSTV28 containing three genes (fabB, fabG, and fabZ), which had shown significant changes in lipid content. As a result, as shown in Table 2 , the lipid content per cell of E. coli JES1030 was found to be the highest in spite of the lowest growth rate, when compared with the wild-type bacteria and recombinants containing a plasmid that consisted of the homologous genes only.
Finally, recombinant E. coli JES1021 and E. coli JES1022 containing fabG and fabZ, respectively, had low total lipid content compared with E. coli JES1025 and E. coli JES1027, both of which have the fabB gene in the pSTV28.
Confirmation of Fatty Acids In Vivo
Changes in fatty acid production of microorganisms were found through the flux control of the elongation cycle of FAS. Cells for extraction and analysis of fatty acid were collected at the 6 h point after induction started and at the 24 h point after cultivation to check for fatty acid production in intracellular recombinants. However, a quantitative measurement of extracellular fatty acid was difficult to accomplish because the medium contained a large amount of moisture and some biological derivatives (data not shown).
As shown in Fig. 4 , each fatty acid peak was confirmed to be separate using standard mixture chemicals and via the method of GC/MS and LC/MS to analyze biological products that were target materials. Originally, C16 (hexadecanoic acid, palmitate) and C18 (octadecanoic acid, Table 2 . Total lipid content of wild-type E. coli and recombinants. stearate) were known to be major fatty acid components in the wild-type bacteria. Predictably, C16 and C18 presented the biggest fatty acid production ratios in both wild-type E. coli and recombinant E. coli in this research (Fig. 4) . The GC data of the samples, obtained by an extraction method in recombinant E. coli, showed that palmitate (C16) was detected around 54 min and stearate (C18) could be found around 58 min, which was a little later than palmitate. The two major fatty acids were quantified by calibration curves based on standard chemicals (Table 3 ). When total lipid content was considered in each recombinant strain in Table 2 , the production of fatty acid was increased in the strains as well.
According to the result of Table 3 , all the recombinant strains showed higher fatty-acid-specific productivities than wild-type E. coli, with the exception of E. coli JES1023 with fabI gene, which had similar results. The amount of fatty acid (i.e., C16) for E. coli JES1020, E. coli JES1025, and E. coli JES1027 increased by, on average, approximately 286.9% to 48.2 mg/l of the wild-type E. coli. In addition, E. coli JES1030, in which pJE109 and pJE129 were co-expressed, yielded the highest fatty acid productivity but a lower growth rate than the other recombinants. E. coli JES1020 and E. coli JES1022 showed slower fatty acid productivity than E. coli JES1025 and E. coli JES1027 in Table 3 .
In conclusion, overproduction of fatty acid was possible by overexpressing fabB, fabG, and fabZ as target genes in the elongation cycle of FAS in the recombinant microorganism. Additionally, the system established to express various genes of the initial step of FAS and the elongation cycle was more effective in fatty acid production as a result, although E. coli JES1030 contained a heterogenous gene, which inhibited the growth of recombinants (Table 3) .
DISCUSSION
A bacterial energy system utilizing biomass is a typical example of a recycling system. To overcome the limitations of existing biofuels, alternative fermentation-renewable fuels are being considered, including higher alcohols, hydrocarbons produced by the isoprenoid biosynthetic pathway and fatty acids derived from microbes [1, 18, 29] . Thus, the bacterial conversion of biomass to hydrocarbons (e.g., fatty acids) has been a point of research interest. We hypothesized that the rate of fatty acid synthesis could be increased by the expression of genes in the elongation cycle through a strict strategy of metabolic control. Therefore, in this study, FAB genes that facilitate elongation in the fatty acid biosynthetic pathway were cloned and characterized in E. coli via metabolic engineering. In addition, the impact of fatty acid production was tested through the co-expression of plasmids containing heterogenous genes and genes of the initial step of FAS.
Although the growth rate of bacteria was expected to decrease because of inhibition by various genes of fatty acid synthesis during lipid metabolism, the growth rate of the recombinants that contained pSTV28, a low-copy plasmid, with homologous genes was rarely affected. Consequently, no gene in this study was found to act as a growth inhibitor among the genes of the elongation cycle. As shown in Fig. 3 , the cell death phase did not occur in a flask after 24 h when a substrate was consumed completely. This result indicates that enzymes and metabolites that were induced from inserted genes did not interfere with the growth of E. coli. However, the growth rate of E. coli JES1030 (i.e., in which pJE109 and pJE127 were inserted) was lower than that of wild-type E. coli and the positive control E. coli, E. coli::pTrc99A::pSTV28. Such a result was confirmed by comparing E. coli JES1027 with the effect of the heterogenous gene, E.C. 3.1.2.14, in pTrc99A, but was not due to duplication of pJE127 nor co-existence of plasmids in the cell.
In addition, changes in lipid content were observed by flux changes of lipid metabolism in E. coli. The lipid content of each recombinant showed improved productivity in comparison with the wild-type E. coli in terms of cell mass. The high lipid content of the recombinant with pJE127 (which contained fabB, fabG, and fabZ) verified that it could be controlled by overexpressing the FAS genes and that co-expression of each gene played a crucial role. It was difficult to establish the influence of each gene because the contribution of lipid production by fabG and fabZ, which are FAB genes, was shown in the standard deviation. However, when fabG or fabZ were co-expressed with fabB, an increase in lipid content along with the fabB gene as an FAS activator resulted, as shown in a comparison among E. coli JES1020, E. coli JES 1025, and E. coli JES 1027 (Table 2) .
Given the main purpose of the biological production of fatty acids, a total of four genes in the elongation cycle were arranged in a plasmid in an appropriate order of metabolically engineered expressions. Both the lipid content and fatty acids specific productivity of E. coli JES1027 carrying a plasmid [which contained all three genes but fabI among the four genes (fabB, fabG, fabZ, and fabI) in the elongation cycle] were 3.04 times higher than that of the wild-type E. coli. Moreover, fabG and fabZ genes were more effective together in fatty acid production than when acting alone. According to these data, fabB, which encodes the precursor (i.e., β-oxoacyl-[acyl-carrier protein] (ACP) synthase) in the initial step of the elongation cycle, seemed to play a crucial role in relation to enzymes that were induced in the next step in order to produce fatty acid. The effects of fabB and fabI to changes in fatty acid production are noted in Table 3 . Much more fatty acid was produced in recombinants with the fabB gene than in the wild-type bacteria. The difference of fatty acid productivity, however, was minimal between the fabI gene expressed alone and The highest p-value of fatty acid content from bacteria was p ≤ 0.026. Dry cell weight (DCW) was measured 24 h after cultivation was started.
